In the largest E3 ligase subfamily, Cul3 binds a BTB domain, and an associated protein-interaction domain such as MATH recruits substrates for ubiquitination. Here, we present biochemical and structural analyses of the MATH-BTB protein, SPOP. We define a SPOP-binding consensus (SBC) and determine structures revealing recognition of SBCs from the phosphatase Puc, the transcriptional regulator Ci, and the chromatin component MacroH2A. We identify a dimeric SPOP-Cul3 assembly involving a conserved helical structure C-terminal of BTB domains, which we call ''3-box'' due to its facilitating Cul3 binding and its resemblance to F-/SOCS-boxes in other cullin-based E3s. Structural flexibility between the substrate-binding MATH and Cul3-binding BTB/ 3-box domains potentially allows a SPOP dimer to engage multiple SBCs found within a single substrate, such as Puc. These studies provide a molecular understanding of how MATH-BTB proteins recruit substrates to Cul3 and how their dimerization and conformational variability may facilitate avid interactions with diverse substrates.
INTRODUCTION
Covalent attachment of ubiquitin via E1-E2-E3 enzyme cascades constitutes a primary mechanism for regulating protein function. Ubiquitin-protein ligases, or E3s, select substrates for ubiquitin conjugation. The largest E3 subclass consists of cullin-RING ligases (CRLs), which are modular, multisubunit enzymes comprised of exchangeable substrate adaptors, dedicated to particular cullin-based catalytic cores (Bosu and Kipreos, 2008; Cardozo and Pagano, 2004; Jackson and Eldridge, 2002; Petroski and Deshaies, 2005; Willems et al., 2004) . The best-understood CRL is the SCF ubiquitin ligase, composed of Skp1, Cul1, and a member of the F-box family of proteins (Bai et al., 1996; Feldman et al., 1997; Patton et al., 1998; Seol et al., 1999; Skowyra et al., 1997; Willems et al., 1996) . Skp1 serves as an adaptor that simultaneously binds sequences near the N terminus of Cul1 and the F-box motif of an F-box protein. In turn, F-box proteins contain additional protein-interaction domains that recruit the substrate into a Cul1-Skp1-F-box protein complex, thereby facilitating ubiquitination of the target via the catalytic core assembled on the C terminus of Cul1. Cullins-2 and -5 share a similar organization, wherein the Skp1-like protein Elongin C (EloC) recruits members of the SOCS-box family to Cul2/5. Like an F-box, the SOCS-box links the substrate-binding domain to EloC and also plays a role in cullin binding (Schulman et al., 2000; Stebbins et al., 1999) . In contrast, Cul3 employs BTB proteins as substrate-specific adaptors (Cardozo and Pagano, 2004; Furukawa et al., 2003; Geyer et al., 2003; Krek, 2003; Pintard et al., 2003 Pintard et al., , 2004 Willems et al., 2004; Xu et al., 2003) . ''BTB'' is a protein interaction/dimerization domain that is structurally homologous to the cullinbinding region of Skp1 and that binds Cul3 via motifs analogous to those in the Skp1-Cul1 complex (Bardwell and Treisman, 1994; Furukawa et al., 2003; Pintard et al., 2003; Stogios et al., 2005; Xu et al., 2003; Zollman et al., 1994) . Many BTB-domain proteins also contain additional protein interaction domains, some of which have been shown to recruit ubiquitination targets (Petroski and Deshaies, 2005; Pintard et al., 2004; Willems et al., 2004) . Thus, BTB proteins are thought to merge the functional properties of Skp1or EloC and their F-box or SOCS-box partners into a single polypeptide chain, without an intervening F-or SOCS-box.
The human genome encodes more than 150 proteins with recognizable BTB domains, often in combination with MATH, Kelch, or other interaction domains (Stogios et al., 2005) . BTB proteins containing MATH and Kelch domains have been linked to substrate targeting by Cul3, although it is unclear precisely how many BTB proteins engage Cul3 in vivo. The best-understood Cul3 adaptor is the BTB-Kelch protein Keap1, which mediates turnover of the Nrf2 transcription factor in oxidative stressresponse paths (Cullinan et al., 2004; McMahon et al., 2003; Zhang and Hannink, 2003; Zhang et al., 2004) . Structural studies of Keap1-Nrf2 identified a basic patch on the Kelch propeller that interacts with acidic motifs in Nrf2 (Lo et al., 2006; Padmanabhan et al., 2006; Tong et al., 2007) .
In contrast with Keap1, little is known about how MATH domains select targets for ubiquitination by CRLs. The MATH domain, present in numerous diverse proteins, is most frequently found linked to a C-terminal BTB domain. Indeed, the MATH-BTB module is the tenth most abundant of two-domain combinations encoded by 131 genomes (Vogel et al., 2004) . Evidence that MATH-BTB proteins function in protein degradation came from the finding of C. elegans Mel-26 as a component of a Cul3-dependent E3 responsible for turnover of the Mei-1 meiosis-specific microtubule-severing protein (Pintard et al., 2003; Xu et al., 2003) . In mammals, the MATH-BTB protein SPOP has been linked to ubiquitination of MacroH2A, to regulate its deposition on the inactive X chromosome (Herná ndez-Muñ oz et al., 2005) , and DAXX, to regulate transcriptional repression of proapoptotic proteins such as p53 (Kwon et al., 2006) . More recently, the Drosophila SPOP ortholog HIB/Roadkill was found to regulate Hedgehog signaling during development by promoting degradation of the Ci transcription factor (Kent et al., 2006; Zhang et al., 2006) . This process is independent of SCF Slimb -mediated processing of Ci to its repressive form (Jiang and Struhl, 1998) . HIB/Roadkill also regulates TNF signaling in the fly eye via turnover of the MAPK phosphatase Puc (Liu et al., 2009) .
Despite progress in understanding biological pathways in which SPOP functions, little is known about how target specificity is achieved. Known targets of the SPOP family lack obvious domains linking them to a common degradation mechanism, and unlike most SCF substrates, posttranslational modifications are not known to control turnover of SPOP substrates. In spite of the numerous important pathways regulated by SPOP and the abundance of MATH-BTB proteins, the molecular basis for substrate and Cul3 recognition remains poorly characterized. To address this problem, we report here biochemical, biophysical, and crystallographic characterization of SPOP and its interactions with substrates and with Cul3. Our results provide a framework for understanding how a dimeric MATH-BTB functions to assemble a dimeric Cul3 complex to promote recruitment and ubiquitination of substrates.
RESULTS AND DISCUSSION

SPOP Domain Structure
The 374-residue SPOP contains three domains: an N-terminal MATH domain (residues 28-166) that recruits substrates, an internal BTB domain (residues 190-297) that binds Cul3, and a C-terminal nuclear localization sequence (residues 365-374 Figure 1A ).
Efforts to identify a SPOP-binding element on MacroH2A focused on residues 166-372, which are sufficient for the interaction (Takahashi et al., 2002) . Deletion mapping by pulling down a SPOP MATH domain demonstrated that MacroH2A residues 166-179 are required for the interaction ( Figure 1B ). For both Puc and MacroH2A, peptides corresponding to these regions (Puc 93-107 and MacroH2A [166] [167] [168] [169] [170] [171] [172] [173] [174] [175] [176] [177] [178] [179] ) are sufficient for binding ( Figures 1C and 1D ). Do Puc, MacroH2A, and other substrates have common features mediating SPOP binding? We identified a 5-residue f-p-S-S/T-S/T (f, nonpolar; p, polar) SPOP-binding consensus (SBC) motif in the sequences of Puc [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] , MacroH2A [166] [167] [168] [169] [170] [171] [172] [173] [174] [175] [176] [177] [178] [179] , and two other SPOP substrates, Ci and Daxx ( Figure 1C) . Notably, Puc, Ci, and Daxx all harbor multiple SBCs. Synthetic peptides with the SBC motif bind SPOP MATH as detected using surface plasmon resonance (Biacore; GE Healthcare). Different SBC peptides display a range of affinities similar to those observed for some other MATH domain-peptide interactions, as for TRAF6 (Ye et al., 2002) . This agrees with the paradigm established by Keap1 that at least some BTB-Cul3 ligase substrates harbor multiple adaptor-binding sites (Tong et al., 2007) . The peptide corresponding to the Puc SBC that copurifies with a SPOP MATH domain by gel filtration displays the highest affinity of $4 mM, which is similar to the affinity of an SCFsubstrate interaction (Hao et al., 2007) .
We sought to examine roles of SPOP MATH -Puc SBC interactions in in vitro ubiquitination. As with other CRLs, SPOP-Cul3 mediates ubiquitination of Puc in the presence of E1 and E2 ( Figure S3 ). Results with Puc mutants indicate that the contributions of Puc SBCs are proportional to their abilities to bind SPOP: mutation of SBC1 is highly deleterious even at the highest concentration we can assay, mutation of SBC3 is further detrimental in the context of the SBC1 mutant, and the mutant retaining only SBC1 is less active at low concentration ( Figures 1E and S4 ). Figure S5 ). The SBC motifs adopt extended conformations and bind the MATH central shallow groove (Figure 2 ). The SPOP-binding sites for SBCs from different substrates are virtually identical. The SBCs also superimpose well, whereas sequences outside the conserved motif, even from the same peptides in different crystal forms, do not. This suggests that the primary sites of interaction are mediated by the SBC sequence. Indeed, binding affinities are similar for a range of peptides encompassing a given SBC motif ( Figure S2 ). SPOP MATH -SBC interactions are anchored by both hydrophobic and polar interactions, described here with SBC residues f-p-S-S/T-S/T as P1-P5 (Position1, f, etc.). SPOP residues Y87, F102, Y123, W131, and F133 encircle the P1 hydrophobic side chain (Puc V98, MacroH2A A170, Ci V1362). Many hydrogen bonds are also observed, mainly involving SPOP Y87 and D130 and SBC P2-P5 residues (Table S1, Figure 2 ). Sequence flexibility at the P2 position is explained by the ability of the Y87 hydroxyl to directly contact an aspartic acid (MacroH2A) or form water-mediated hydrogen bonds to threonine or serine (Puc or Ci, respectively). The structures also explain the apparent requirement for a serine at P3: this side chain both makes hydrogen bonds and is constrained by size within a small pocket formed by K129, D130, and W131 ( Figure 2 ). To test the significance of the observed interactions, we examined effects of mutations. First, we used Biacore to test binding to a series of mutated peptides derived from MacroH2A. Abolishing the P1 hydrophobic interaction with an A170D substitution essentially eliminated binding. Furthermore, substitution of the P3 serine with bulkier glutamic acid or tryptophan residues also abolished the interaction, as did substituting the P3-P5 STT residues with alanines ( Figure 3A ). Singly mutated SPOP MATH domains were also assayed ( Figure 3B ). D130A and W131A substitutions were highly deleterious with SBC peptides from all three substrates, supporting the view that these are key residues for substrate recognition. Mutants were further examined in cellular binding and ubiquitination assays. SPOP D130A and W131A and a Puc SBC1 mutant display parallel effects, disrupting the SPOP-Puc interaction and Puc ubiquitination in cells ( Figures 3C and 3D ).
Previous genetic analysis of another MATH-BTB protein, MEL-26 from C. elegans, is also consistent with the functional importance of the crystallographically observed MATH-substrate interactions. The SPOP and MEL-26 MATH domains share 30% sequence identity. MEL-26 controls degradation of the katanin mei-1 during the first mitotic division in C. elegans development. The MEL-26 residue C94, which corresponds to Y87 in the SPOP MATH substrate-binding cleft, was shown to be important for substrate targeting (Dow and Mains, 1998; Xu et al., 2003) . Interestingly, the Drosophila SPOP substrate Ci is subject to ubiquitination via multiple pathways. In the absence of Hedgehog stimulation, Ci is ubiquitinated by SCF Slimb in a phosphorylation-dependent manner (Jiang and Struhl, 1998) . While many SCF substrates require phosphorylation, there is no evidence that this is the case with Cul3 substrates. In fact, phosphorylated residues within the SBC motif block binding to SPOP ( Figure S6 ), raising the possibility that SBC phosphorylation negatively regulates turnover via SPOP. Future studies will be required to dissect the complex interplay between phosphorylation at perhaps a range of sites and the biochemical decisions between different ubiquitination pathways. Figure 5A ). Indeed, BTB domains bind the Cul3 N-terminal domain in a manner resembling Skp1 interactions with Cul1 (Xu et al., 2003) . To understand whether SPOP BTB+ maintains its dimeric structure in complex with Cul3, we examined binding with the Cul3 N-terminal domain by analytical ultracentrifugation (AUC). Both SPOP BTB+ and a version encompassing both a MATH and BTB domain form a 2:2 complex with the Cul3 N-terminal domain ( Figures 4B and S8 ), consistent with prior data indicating that BTB-Cul3 complexes in vivo are oligomeric (Chew et al., 2007) . To address whether dimerization is required for Cul3 binding, we generated monomeric versions of SPOP by replacing four key hydrophobic BTB dimerization residues: L186D, L190D, L193D, and I217K ( Figure 4 ). The mutations (1) remove hydrophobic contacts that favor dimerization, (2) place negative charges in such a way as to repel each other in a dimer, and (3) allow for solubility and prevent aggregation by having the new exposed surface charged. The dimerization-defective SPOP copurifies with Cul3 N-terminal domain by gel filtration (not shown) and displays the same affinity as measured by AUC ( Figures 4C and S8 ). However, the dimerization-defective SPOP is significantly impaired for ubiquitination activity ( Figure 4D ).
The ''3-Box'': A Conserved Cul3-Binding Element Unexpectedly, SPOP BTB+ displays an additional structural feature: a pair of C-terminal a helices ( Figure 5A ). To gain insight into potential functions of these helices, we compared SPOP BTB+ with other cullin-binding complexes, Skp1-F-box and EloC-SOCS-box. The SPOP helices are located at the position corresponding to an F-box or SOCS-box in other CRLs ( Figure 5B ). Given the major roles of F-/SOCS-boxes in physically linking BTBlike fold adaptors to substrate-binding domains, the location of the SPOP BTB+ helix pair-at the extreme C terminus distal from the site of BTB domain connection to the MATH domain-raises the question as to why a BTB protein would have an F-/SOCS-box-like structure. We considered that the F-box also has a secondary role, contacting Cul1 in the prior Cul1-Skp1-F-box Skp2 crystal structure (Zheng et al., 2002) . SOCS-boxes have also been implicated in Cul2 and Cul5 binding (Mahrour et al., 2008 ). Thus, we tested whether the SPOP helices might share this secondary function of F-/ SOCS-boxes in cullin binding. Deletion of the helix pair decreased interactions between SPOP and Cul3 without diminishing the global stability of the isolated domain ( Figures 5C and  S9 ). Thus, due to functional parallels with F-or SOCS-box proteins and their interactions with cullins, we refer to this structure as ''3-box,'' for Cul3-interacting box, and we redefine our BTB+ construct as BTB/3-box.
To determine whether the 3-box is conserved, we examined the corresponding structure of another Cul3-binding BTB protein: a fragment corresponding to residues 1-258 of the human BTB-Kelch, Gigaxonin (Gig) ( Figure S10 ). As with other BTB-Kelch proteins, the Gig BTB domain is located N-terminal of the substrate-binding domain and thus displays a divergent domain arrangement from SPOP ( Figure 5D ). The overall Gig BTB/3-box superimposed well with SPOP BTB/3-box (Ca rmsd 2.06 Å ). The 3-boxes of both proteins display virtually identical backbone structures (Ca rmsd 0.39 Å ) despite distinct sequences ( Figure 5F ). Alignment of the corresponding 32 amino acids following BTB domains from five known Cul3 adaptors revealed conservation ( Figure 5G ), suggesting that the 3-box may also exist in Keap1, KLHL12, and actinfilin. As most of the conserved residues are buried and mediate interhelical packing, it is possible that Cul3 recognizes a range of sequences with a common 3-box tertiary structure.
Predicted 3-Boxes in a Subset of BTB Proteins
Only a handful of mammalian BTB proteins have been explicitly shown to mediate ubiquitination (Allen et al., 2005; Angers et al., 2006b; Berthold et al., 2008; Cullinan et al., 2004; Itoh et al., 1999; Salinas et al., 2006) . As we found two of these to contain a 3-box, we attempted to identify potential 3-boxes in other BTBs. A bioinformatics search for a paired helix structure within 40 amino acids beyond 183 human BTB domain C termini predicts that, like SPOP and Gig, all MATH-BTB and BTB-Kelch proteins have a helix pair following the BTB domain, which may function as a 3-box ( Figure S11 ). By contrast, we identified potential 3-box motifs in only a subset of the BTB-ZF, T1-like BTB, and other BTB proteins. It is possible that BTB proteins lacking an obvious 3-box may not function as Cul3 adaptors. One such example might be BTBD12, which lacks a 3-box and, unlike 3-box-containing BTB proteins, does not copurify with Cul3 from cells (Cullinan et al., 2004; Svendsen et al., 2009) . Alternatively, BTB proteins lacking a 3-box may utilize alternative mechanisms to strengthen interaction with Cul3. It is tempting to speculate about relationships between F-box, SOCS-box, and BTB proteins, although at this point, it is unclear whether the functional similarities are a consequence of convergent evolution or divergence from a common ancestor. In the case of divergent evolution, a BTB may represent an ancestral CRL adaptor, encompassing cullin and substrate binding in a single polypeptide with a 3-box also contributing to cullin binding.
Putting MATH and BTB Domains Together: An Asymmetric Dimer
To gain insights into how substrate binding, Cul3 binding, and dimerization are encompassed in one polypeptide, we determined the structure of a complex containing a dimeric SPOP spanning the MATH, BTB, and 3-box domains with the MATH domains bound to a peptide corresponding to Puc SBC1 ( Figure 6 ). Structures were obtained from two slightly different crystal forms growing in the same condition (Table 1 ). In both, the MATHSBCs and the BTB/3-box each resemble the structures of the individual domains. This includes the roughly two-fold symmetry of the dimeric BTB/3-box domain.
The most striking feature of the structures is the asymmetric arrangement of the two substrate-binding MATH domains, which differ in orientation by 55 with respect to the BTB/3-box dimer. One MATH domain packs in the middle of the V-shaped groove created by the two protomers in the BTB domain. The other MATH is distal and extends away from its associated BTB domain, as if to lengthen one side of the ''V'' ( Figure 6A ).
In addition to the significantly different MATH-BTB orientations, three other features of the crystal structures suggest that the MATH and BTB domains are flexibly tethered. First, in one crystal form, neither linker between the MATH and BTB is visible in the electron density. In the other, the backbone of one linker is visible due to crystal packing with the opposite MATH domain, although some side chains are not visible. Second, comparing the complexes in the two crystal forms reveals a slight ($3 Å ) offset in the positions of the MATH domains relative to each other. Thus, a total of three BTB-MATH orientations are observed ( Figure 6B ). The particular domain arrangements in the structures may be the product of interdomain flexibility combined with orientations compatible with crystallization ( Figure S12 ). Third, contacts between the MATH and BTB/3-box domains are minimal, with no interactions between side chains preserved in both crystal forms for any domain arrangement.
We examined the linkage between the MATH and BTB domains in solution using versions of the two longest forms of SPOP that we could express. First, we performed limited proteolysis. With endoproteinase Glu-C, the interdomain linker is preferentially susceptible to initial cleavage ( Figures 6C and S13) . Because extended reactions with Glu-C lead to further breakdown (data not shown), we engineered a thrombin site in the linker based on similarity to a distal SPOP relative ( Figure S14 ). After elimination of their covalent linkage, the MATH and BTB domains separate during gel filtration ( Figure 6D ). Second, we performed small-angle X-ray scattering analyses (SAXS). For both the longer and shorter constructs, the data do not fit to any single conformation. Instead, the data fit well to a population of multiple conformations, although the presence of the N terminus appears to restrict the overall compactness of the complex ( Figure S15) . Overall, the data are consistent with the notion that the orientations between the BTB and MATH domains of SPOP are variable in our constructs.
Notably, there is also asymmetry beyond the BTB/3-box in the Gig 1-258 crystal structure. Although poor electron density of one molecule in the asymmetric unit precludes building of side chains, the helices following the 3-box extend away from the BTB domain in architecture that clearly differs between the two protomers. This is further supported by different relative locations of selenomethionines ( Figure S10 ). Thus, the linker between Cul3-and substrate-binding domains may be generally flexible in BTB proteins.
2:1 SPOP:Puc Stoichiometry
Given the orientational flexibility of the two substrate-binding domains, we examined the stoichiometry of binding to Puc, a substrate with multiple SBCs. Both velocity and equilibrium AUC analyses of mixtures of 1:1-3 molar ratios of SPOP MATH-BTB/3-box and Puc , which contains all three SBC motifs, reveal two species with molecular weights of 110 kDa and 40 kDa. These correspond to a 2:1 SPOP:Puc complex and free Puc ( Figures 7A  and 7B ), respectively. Thus, the SPOP dimer binds only one molecule of the substrate Puc in vitro, even in the presence of extra Puc. Although we cannot rule out the unlikely possibility that binding of one Puc molecule to SPOP sterically blocks association with a second Puc molecule, the 2:1 SPOP:Puc stoichiometry may provide an explanation for the concentration dependence of in vitro ubiquitination of a Puc mutant harboring only the single high-affinity SBC1 (''m2m3''). At high concentrations, this mutant shows wild-type levels of ubiquitination (Figure 1) . However, at low concentrations, this mutant is a poor substrate for SPOP-mediated ubiquitination ( Figure S4 ). The results raise the possibility that a dimeric SPOP engages multiple Puc SBCs for the ubiquitination reaction. Potential insights into how a SPOP dimer might engage two SBCs from one target molecule may come from our structure Highest resolution shell is shown in parenthesis. R work = SjFo À Fcj/SFo. R free is the cross-validation of R factor with 5% of the total reflections omitted in model refinement.
of two isolated MATH domains bound to a single suboptimal peptide derived from MacroH2A (pep 2) that lacks the P1 alanine ( Figures 7C and S2 ). One MATH domain binds the partial MacroH2A SBC , with the methyl group from the peptide's N-terminal acetyl occupying the hydrophobic P1 position. Another MATH binds a downstream alanine as a P1 site and the following aspartic acid as a P2 residue. Subsequent residues in the peptide, which do not match the SBC motif sequence, are not visible in the electron density. Notably, this peptide (MacroH2A pep2) shows negligible binding to the SPOP MATH domain, presumably due to lack of a P1 hydrophobic residue ( Figure S2 ). Thus, although this particular structure may be an artifact of crystallization, it nonetheless provides a ''snapshot'' of how an asymmetric arrangement of two SPOP MATH domains could achieve binding to multiple sites on a single polypeptide.
Flexibility and Dimerization in CRL Function
We found that the dimeric SPOP BTB domain can assemble with two molecules of Cul3, thereby generating a dimeric ubiquitin ligase containing two substrate-binding sites and two catalytic cores. Notably, several other ubiquitin E3s have been shown to dimerize. These include several CRLs, such as human SCF Fbw7 and its yeast counterpart, SCF Cdc4 (Hao et al., 2007; Tang et al., 2007) , and the MATH-domain-containing simple RING E3s, Siah and TRAF6 (Polekhina et al., 2002; Yin et al., 2009) .
To understand the function of SPOP, we generated models based on our multiple SPOP structures and available cullin crystal structures. Based on modeling of the dimeric SPOP-SBC complex with Cul3, the substrate-binding site is directed toward the catalytic core of the same cullin molecule with which the BTB domain is associated ( Figure S16 ). However, our crystallographic and SAXS data indicate that the MATH domain adopts multiple orientations relative to the BTB domain through the flexible linker between the two. This feature of Cul3 SPOP parallels that found with some other CRLs. The Cul4 adaptor DDB1 adopts multiple conformations (Angers et al., 2006a; Li et al., 2006; Scrima et al., 2008) . Moreover, superposition of two molecules in one asymmetric unit of Cdc4 within the SCF Cdc4 crystal structure indicates different positions of the substrate-binding domains (Orlicky et al., 2003) , reminiscent of our findings with SPOP MATH-BTB ( Figure S17 ).
Recent structural studies indicate that the ligation of NEDD8 to a conserved cullin lysine can serve as an additional source of conformational flexibility. Crystal structures revealed striking conformational differences between unmodified and NEDD8y-lated versions of the Cul5 C-terminal domain in complex with Rbx1 (Duda et al., 2008) . Taken together with enzymological and biophysical analyses, the data indicate that NEDD8 causes a switch in CRL structure from a closed, autoinhibited form to a more dynamic, active form (Duda et al., 2008; Saha and Deshaies, 2008; Yamoah et al., 2008) . Thus, structural flexibility appears in many ways for many CRLs.
The combination of dimerization and flexibility has many implications for substrate ubiquitination. First, the flexibility within SPOP may allow for SBCs in structurally diverse substrates to engage one or both MATH domains. Indeed, we found that Puc, which contains multiple functional SBCs, binds preferentially to SPOP in a 1:2 ratio, even when Puc is in excess (Figure 7) , and that multiple SBCs contribute to SPOP ubiquitination, particularly at low concentration ( Figure S4 ). This raises the possibility that one substrate molecule engages both SBC-binding sites in the SPOP dimer (Figure 7) . Furthermore, we obtained a crystallographic view of how two SPOP MATH domains could, in principle, adopt an asymmetric arrangement to bind a single target at multiple weak binding sites. Notably, multiple E3-binding sites are also found in several other dimeric CRL substrates. For example, the Fbw7 substrate Cyclin E contains one optimal and one suboptimal degron (Hao et al., 2007) . Efficient turnover of a Cyclin E mutant in which the optimal degron is made suboptimal requires Fbw7 dimerization (Welcker and Clurman, 2007) . Thus, the use of dimeric substrate-binding domains may increase avidity for substrates, thereby facilitating binding to substrates with multiple degrons or increasing binding efficiency for substrates containing multiple suboptimal degron sequences. Dimerization may have additional roles beyond substrate recruitment, however, because the dimerization-defective SPOP is impaired for ubiquitination under all conditions tested (Figure 4 ). Dimerization may allow the substrate and elongating ubiquitin chain to sample a greater variety of orientations, as for dimeric SCF Cdc4 (Tang et al., 2007) . Although the precise manifestations of dimerization are still under debate, it seems that the use of two flexibly oriented substrate-binding sites combined with a flexible cullin-RING core would allow a single E3 to recognize numerous substrates, potentially with high avidity, and with a range of conformational options for mediating their ubiquitination. were expressed in BL21(DE3) GOLD and purified by combinations of affinity, ion exchange, and gel filtration chromatography (Supplemental Experimental Procedures).
X-Ray Diffraction
Crystals were grown in hanging drops, soaked in cryoprotectants, and flashfrozen (liquid N2) for data collection at APS, ALS, and NSLS. Structures were determined by molecular replacement, except for SPOP BTB/3-box and Gig BTB/3-box , for which phases were obtained by SAD. Details are in Supplemental Experimental Procedures and Table 1 .
Biochemical and Biophysical Studies
Protein interactions were examined by coimmunoprecipitation from Drosophila S2 cells, GST pull-downs, size-exclusion chromatography, surface plasmon resonance (Biacore), and AUC. Solution conformational analyses were performed by examining resistance to proteolysis, SAXS, and circular dichroism (CD). Puc ubiquitination was assayed from cells and from purified components in vitro by western blotting. Details are in Supplemental Experimental Procedures. 
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